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Behaviour of concrete-encased concrete-filled FRP tube (CCFT) columns 31 
under axial compression 32 
Abstract: A new composite column named concrete-encased concrete-filled fibre reinforced polymer 33 
tube (CCFT) column has been proposed in this study. This composite column consists of an inner 34 
concrete-filled fibre reinforced polymer (FRP) tube, outer concrete confined with polymer grid, and 35 
concrete cover. In this study, a total of 16 concrete stub columns were cast and tested under axial 36 
compression. Columns were divided into eight groups, which included one group of plain concrete 37 
columns, two groups of FRP confined concrete columns, and five groups of CCFT columns. For FRP 38 
confined concrete columns, one layer and two layers of carbon FRP (CFRP) sheet were wrapped, 39 
respectively. For CCFT columns, glass FRP (GFRP) tube was used to confine the inner concrete, and 40 
polymer grid was used to confine the outer concrete. The test results show that considerable increase 41 
in strength and ductility can be obtained for CCFT columns. An analytical model has been developed 42 
to predict the axial compressive behaviour of CCFT columns. The analytical results have been found 43 
to be in good agreement with the experimental results. Based on the analytical model, the influences 44 
of different parameters on the axial compressive behaviour of CCFT columns have been investigated 45 
through parametric analyses.  46 
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1. Introduction  57 
In the past two decades, a significant number of studies were carried out on the use of fibre reinforced 58 
polymer (FRP) composites in civil engineering construction. One major application is the use of FRP 59 
jacket for strengthening existing concrete columns [1]. Many studies reported the effectiveness of 60 
FRP jacket to enhance both the strength and ductility of concrete columns by providing confinement 61 
to the concrete under concentric or eccentric compressive loadings [2, 3]. More recently, several 62 
studies were focussed on the use of FRP composites for the construction of new concrete structures, 63 
such as concrete-filled FRP tubes (CFFTs) and FRP bars reinforced concrete (RC) members [4-23].  64 
The CFFTs was first proposed by Mirmiran et al. [4]. In CFFTs, the FRP tube acts as stay-in-place 65 
formwork and provides lateral confinement to concrete. At the same time, the infilled concrete 66 
prevents the FRP tube from local buckling. A significant number of studies demonstrated the ability 67 
of CFFTs to develop considerable strength, stiffness and ductility, making FRP tube an attractive 68 
alternative to steel tube and steel bars [5-10]. With the increasing popularity of the construction of 69 
CFFTs column in China, a national technical code was developed for the rational design of CFFTs 70 
[11]. Despite many advantages of CFFTs, few disadvantages still exist, which include weak fire 71 
resistance [12], sudden failure, and difficulty to create moment resisting connection to other structural 72 
components. Several studies have been conducted to address the above-mentioned disadvantages and 73 
suggested that these disadvantages can be reasonably avoided or alleviated [13-15]. Until now, CFFTs 74 
have been adopted for the construction of bridge columns and piles [11].  75 
The behaviour of concrete members internally reinforced with FRP bars was investigated in recent 76 
years [16]. The use of FRP bars is particularly attractive for concrete structures under harsh 77 
environments where corrosion of steel bars is a major concern. Many studies reported that FRP bars 78 
could be successfully used to replace traditional steel bars in RC beams [17, 18]. On the other hand, 79 
the use of FRP bars as longitudinal reinforcement has not been considered a suitable option for RC 80 
compression members and not yet covered by ACI 440.1R-06 [16]. The main reasons for not using 81 
the FRP bars in concrete columns are: (a) the strength and stiffness of FRP bars in compression are 82 
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less than those in tension [19]; (b) a tensile strength reduction of more than 40% can occur for 83 
transverse FRP bars with bends compared to the tensile strength of straight FRP bars due to fibre 84 
bending and stress concentration [20]; and (c) the longitudinal FRP bars are vulnerable to local 85 
bucking [21]. More recently, several studies investigated the behaviour of FRP bars reinforced 86 
concrete columns under compression [21-23], and these studies suggested that FRP bars can also be 87 
used for the reinforcement of concrete columns if sufficient FRP bars are provided.  88 
In this study, a new composite column named concrete-encased concrete-filled FRP tube (CCFT) 89 
column has been proposed. This composite column consists of an inner concrete-filled FRP tube and 90 
an outer concrete component, as shown in Fig. 1. The outer concrete component can be divided into 91 
two parts: outer confined concrete and concrete cover. Polymer grid has been used to provide 92 
confinement to outer confined concrete in this study [24, 25]. Longitudinal reinforcement (e.g., FRP 93 
bars) can also be used for the outer concrete in order to improve the performance of CCFT column. 94 
The CCFT column is expected to possess several advantages. First, the fire resistance of CCFT 95 
column can be improved because of the presence of outer concrete component. Second, the spalling of 96 
concrete cover can be used as a suitable indication before sudden failure. Third, the moment resisting 97 
connection with the concrete beams can be constructed due to the presence of outer concrete 98 
component [26]. During the construction, the inner concrete-filled FRP tube can be constructed first 99 
to carry the construction load before the construction of the outer concrete component. Moreover, 100 
when compared to FRP bars reinforced concrete columns, the FRP tube can provide higher 101 
confinement to the inner concrete than FRP bars. Consequently, the cross-sectional dimension of the 102 
CCFT column can be reduced if the same design load is required. Despite many advantages, some 103 
disadvantages still exist. For example, the construction of the proposed CCFT column may be more 104 
challenging than that of CFFTs and FRP bars reinforced concrete columns, which is mainly due to the 105 
complexity of the column type.   106 
In order to have an in-depth understanding of the axial compressive behaviour of the proposed CCFT 107 
column, an experimental program was carried out at the High Bay Civil Engineering Laboratory of 108 
the University of Wollongong, Australia. The failure modes and axial load-axial deformation 109 
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behaviour have been investigated. Afterwards, an analytical model has been developed to predict the 110 
performance of CCFT columns under axial compression. The analytical model has been fully 111 
validated with experimental results. Finally, parametric analyses have been carried out to investigate 112 
the influences of different parameters on the axial compressive behaviour of CCFT columns. 113 
 114 
2. Experimental program 115 
2.1. Design of experiment 116 
A total of 16 concrete stub columns with 150 mm in diameter and 300 mm in height were cast and 117 
tested under axial compression. The concrete columns were divided into eight groups with two 118 
identical columns in each group. One group of plain concrete columns, two groups of FRP confined 119 
concrete columns, and five groups of concrete-encased concrete-filled FRP tube (CCFT) columns 120 
were tested in this study. Plain concrete columns and FRP confined concrete columns were used 121 
mainly for comparison purpose to understand the behaviour of CCFT columns. One layer and two 122 
layers of carbon FRP (CFRP) sheet were wrapped for FRP confined concrete columns, respectively. 123 
For CCFT columns, Glass FRP (GFRP) tubes with 6 mm thick and 77 mm inner diameter were used 124 
in this study. Polymer grid was chosen as the confinement of the outer concrete. Two types of 125 
polymer grid were used (Type A and Type B). The polymer grid was formed into tubular shape (e.g., 126 
tubular polymer grid) to provide confinement to the outer concrete. The diameter of the tubular grid 127 
was 133 mm. The clear concrete cover was 20 mm at the top and bottom of the column. Details of the 128 
test matrix are presented in Table 1.  129 
The labelling of concrete columns has been carried out as: (a) “P” is used to identify plain concrete 130 
columns; (b) “FC” represents FRP confined concrete columns, and the number afterwards indicates 131 
number of CFRP layers; (c) “CCFT” indicates concrete-encased concrete-filled FRP tube columns; (d) 132 
“0” indicates no confinement was provided to the outer concrete of CCFT columns; (e) “A” and “B” 133 
indicate types of polymer grid used for the confinement of the outer concrete of CCFT columns, and 134 
the number before indicates the number of polymer grid layers. For instance, column FC-1 indicates 135 
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FRP confined concrete columns wrapped with one layer of CFRP sheet. Column CCFT-1A indicates 136 
CCFT columns for which the outer concrete was confined with one layer of Type A polymer grid.  137 
 138 
2.2. Materials  139 
The GFRP tubes used in this study were manufactured by Wagners CFT [27]. The mechanical 140 
properties of GFRP tubes provided by the manufacturers are listed in Table 2. Type A polymer grid 141 
was square in shape (36 × 36 mm) and was manufactured from polypropylene by Polyfabrics 142 
Australia Pty Ltd [28]. Type B polymer grid was rectangular in shape (36 × 24 mm) and was 143 
manufactured from high modulus polyester fibres by Maccaferri Australia [29]. It was noted that the 144 
tubular polymer grid was overlapped at an approximate length of 70 mm to ensure that the polymer 145 
grid would not be loosened or slid and to provide uniform confinement to the outer concrete. The 146 
carbon FRP (CFRP) sheet was manufactured by Hitech Composites Co., Ltd [30]. The nominal 147 
thickness and width of each layer of CFRP sheet were 0.167 mm and 100 mm, respectively. 148 
According to the properties provided by the manufacturers, the ultimate tensile strength of CFRP 149 
sheet was 3400 MPa with a tensile rupture strain of 0.017 mm/mm. Normal strength concrete with a 150 
design compressive strength of 32 MPa was used for casting the concrete columns. The mix design of 151 
the concrete is listed in Table 3. The Pozz80 water reducer and the MA940 air entrainer were supplied 152 
by BASF Australia [31]. 153 
 154 
2.3. Preparation of concrete columns 155 
For FRP confined concrete columns, the CFRP sheet was wrapped onto the columns manually using a 156 
wet lay-up method. A mixture of epoxy resin and hardener at a ratio of 5:1 was used as the adhesive. 157 
Before the wrapping of the first layer of CFRP, the adhesive was spread onto the surface of the 158 
column. After the first layer of CFRP was wrapped, the adhesive was spread onto the first layer of 159 
CFRP and the second layer was continuously wrapped. An overlap of 100 mm was maintained to 160 
prevent the premature debonding of CFRP. The epoxy resin was then left to cure for two weeks. 161 
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For CCFT columns, GFRP tube and tubular polymer grid were placed into the mould before casting 162 
the concrete, as show in Fig. 2. Strain gauges were longitudinally and transversely attached onto the 163 
mid-height of GFRP tubes to investigate the actual strain distributions. In order to ensure a 20 mm 164 
concrete cover at the top and bottom of the columns, three tiny holes were drilled into the timber base 165 
as well as at the bottom of GFRP tubes. The holes were 10 mm in depth. Afterwards, three 40 mm 166 
long thin steel wires were inserted into the holes to support the GFRP tubes and to maintain 20 mm 167 
concrete cover. The steel wires were removed from the concrete columns after the curing of concrete. 168 
To ensure that the GFRP tube was in the middle of the mould, four thin steel wires were aligned 169 
symmetrically around the top end of GFRP tube. The steel wires were removed after the casting of 170 
two thirds of the concrete. After the casting of concrete, all the concrete columns were kept wet 171 
during weekdays until the test date.  172 
 173 
2.4. Preliminary tests 174 
Concrete cylinders with 100 mm diameter and 200 mm height were tested for compressive strength at 175 
28 days. The average compressive strength at 28 days was 35 MPa. The properties of CFRP sheet 176 
were determined by FRP coupon tests according to ASTM D7565 [32]. The average width of the 177 
coupons was 28.50 mm and the average maximum tensile force was 1200 N/mm. The recorded 178 
average ultimate tensile strain was 0.0172 mm/mm.  179 
The GFRP tubes were tested under compression in accordance with GB/T 5350 [33, 34]. Before 180 
testing, the tube was placed onto the loading plate to check for any misalignment between the tube 181 
end and the bottom loading plate. If a slight misalignment was observed, the tube end was slightly 182 
smoothed using a belt sander until the misalignment was removed. The test was conducted at a rate of 183 
0.3 mm/min. The average axial compressive strength of GFRP tube was 493 MPa with a 184 
corresponding axial strain of 0.0169. Due to the limitations of the experimental setup, the hoop tensile 185 
properties of the GFRP tubes could not be experimentally obtained.  186 
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Tensile properties of the polymer grid were determined by testing a single polymer grid strand using 187 
the Instron 8033 machine. Type A polymer grid strand was 2 mm in width and 1.5 mm in thickness, 188 
with a cross sectional area of 3×10
-6
 m
2
. Type B polymer grid strand was 5 mm in width and 0.5 mm 189 
in thickness, with a cross sectional area of 2.5×10
-6
 m
2
. Each end of the polymer grid strand was 190 
embedded in steel clamps. The displacement controlled test was carried out at a rate of 3 mm/min. 191 
More details can be found in Ref. [25]. Fig. 3 shows the tensile stress-tensile strain behaviour of 192 
polymer grid. A nonlinear tensile stress-tensile strain behaviour was observed for Type A polymer 193 
grid, while a linear elastic tensile stress-tensile strain behaviour was observed for Type B polymer 194 
grid. The average tensile strength was approximately 430 MPa with an initial elastic modulus of 6.5 195 
GPa for Type A polymer grid, while the average tensile strength was 464 MPa with an elastic 196 
modulus of 5 GPa for Type B polymer grid.  197 
 198 
2.5. Instrumentation and test procedure 199 
The Denison 5000 kN testing machine in the High Bay laboratory at University of Wollongong was 200 
used for testing all the columns. Before testing, all the columns were capped at the top end with high 201 
strength plaster to ensure uniform load application. An additional layer of CFRP was wrapped at both 202 
ends of the columns to prevent premature damage at the ends. Adequate care was taken to ensure that 203 
the columns were placed at the center of the testing machine. Axial deformations were measured 204 
using two Linear Variable Differential Transducers (LVDTs), which were mounted at the corners 205 
between the loading plate and supporting steel plate. The deformation readings from the two LVDTs 206 
were averaged to obtain representative results. The load and deformation data were recorded using an 207 
electronic data-logger connected to a computer for every two seconds. The displacement controlled 208 
tests were carried out at a rate of 0.5 mm/min.  209 
 210 
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3. Experimental results and analysis 211 
3.1. Failure modes 212 
Fig. 4 shows the representative failure modes of tested columns. FRP confined concrete columns (FC-213 
1, FC-2) failed in a brittle manner with rupture of CFRP sheet at the mid-height of columns, which 214 
was followed by crushing and spalling of the concrete (Fig. 4 (a)). For CCFT columns, the concrete 215 
cover began to spall off when the unconfined concrete compressive strength was approached. 216 
Nevertheless, the columns still experienced higher axial deformation after the spalling of concrete 217 
cover. All the CCFT columns finally failed due to the longitudinal rupture of GFRP tubes, which was 218 
accompanied by a loud noise. For Group CCFT-0 columns, most of the outer concrete spalled off (Fig. 219 
4 (b)) since no confinement was provided to the outer concrete. For Groups CCFT-A and CCFT-B 220 
columns, the spalling of outer concrete was effectively controlled because of the confinement 221 
provided by the polymer grid (Fig. 4 (c)-(f)). The rupture of GFRP tubes resulted in a significant 222 
outward expansion of the CCFT columns. For Groups CCFT-1B and CCFT-2B columns, Type B 223 
polymer grid ruptured at the end of the test since the outward expansion of columns was severe. 224 
However, for Groups CCFT-1A and CCFT-2A columns, Type A polymer grid did not rupture at the 225 
end of the test, which was because the tensile rupture strain of Type A polymer grid was significantly 226 
higher than that of Type B polymer grid, as was evidenced in Fig. 3.  227 
 228 
3.2. Axial load-axial deformation behaviour  229 
Fig. 5 shows the axial load-axial deformation behaviour of Groups P(1), FC-1(1), FC-2(1), CCFT-230 
0(1), CCFT-1A(1), and CCFT-2A(1) columns. It is noted that the test results of two identical columns 231 
in each group were quite similar to each other; therefore, only the test result of one column in each 232 
group was displayed. The test results of all CCFT columns can be found in section 4, in which all the 233 
test results were used to calibrate the accuracy of the proposed analytical model. It can be seen from 234 
Fig. 5 that all columns showed similar behaviour at the initial stage (i.e., axial load increased with the 235 
increase in axial deformation). Afterwards, the axial load of Group P columns decreased significantly 236 
and finally the column lost all the strength with a small deformation. Groups FC-1 and FC-2 columns 237 
10 
 
experienced a typical linear increase in axial load with increase in the axial deformation and finally 238 
failed in a brittle manner with the rupture of CFRP sheet. The ultimate load and the corresponding 239 
axial deformations were highly dependent on the number of layers of CFRP sheet. For Group CCFT-0 240 
columns, a considerable decrease in the axial load was observed after the first peak load (transition 241 
point between the initial ascending branch and the following descending branch), which is attributed 242 
to the spalling of outer concrete. For Groups CCFT-1A and CCFT-2A columns, no significant 243 
decrease in axial load was observed after the initial stage. It can be explained that the existence of 244 
polymer grid interrupted the consistency of the outer concrete, which may have adversely influenced 245 
the casting quality of the outer concrete and resulted in a strength loss. Afterwards, the axial loads of 246 
the CCFT columns was increased again because of the activation of confinement effect provided by 247 
GFRP tubes as well as the axial load carried by the GFRP tubes. Eventually, all the CCFT columns 248 
failed due to the rupture of the GFRP tubes. Fig. 6 shows the axial load-axial deformation diagram of 249 
Groups P(1), FC-1(1), FC-2(1), CCFT-0(1), CCFT-1B(1), and CCFT-2B(1) columns (all the test 250 
results of CCFT columns can be found in section 4). Similar behaviour can be observed.  251 
It can be seen from Fig. 5 and Fig. 6 that after the spalling of concrete cover, a much higher ultimate 252 
deformation can be achieved. This is beneficial for the safe design of concrete columns: when the 253 
concrete cover began to spall off, more attention can be paid for evaluation the column to avoid 254 
catastrophic failure. Moreover, by using polymer grid as confinement of outer concrete, the load 255 
carrying capacity of CCFT columns was slightly increased. The increase of axial load was slightly 256 
higher if increased amount of polymer grid was applied. This insignificant axial load increase was 257 
attributed to the insufficient confinement provided by the polymer grid to the outer concrete, due to its 258 
large openings as well as its lower tensile elastic modulus and lower tensile strength. Therefore, 259 
polymer grid with smaller openings as well as higher tensile elastic modulus and higher tensile 260 
strength should be used. In addition, longitudinal reinforcement can be used to increase the axial load 261 
of outer concrete.  262 
Table 4 summarizes the test results of all concrete columns. In this study, the ductility of the 263 
specimens was calculated as the ratio of the axial deformation at the ultimate load to the axial 264 
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deformation at the first peak load [35-37]. For the specimens without a clear first peak load, axial 265 
deformation at the transition point between the first and second ascending parts was taken [36, 37]. 266 
The ductility of the columns has been calculated as:  267 
y
u
δ
δ
µ =  (1) 
where µ is the ductility of the column, uδ is the axial deformation at the ultimate load, and yδ  is the 268 
axial deformation at the first peak load or the axial deformation at the transition point between the 269 
first and second ascending parts.  270 
It can be seen from Table 4 that CCFT columns show significant increase in both the ultimate load 271 
and the ductility compared to those of plain concrete columns and FRP confined concrete columns. 272 
All CCFT columns possess much higher ultimate load and ductility than those of concrete columns 273 
confined with 1 layer of CFRP sheet. The ultimate loads of CCFT columns are slightly lower than 274 
those of columns confined with two layers of CFRP sheet. However, the ductility is significantly 275 
higher. By applying polymer grid, the ultimate load has been increased slightly, while the ductility has 276 
not been increased since the failure of concrete columns was dominated by the rupture of GFRP tubes.  277 
3.3. Interaction between different constituent materials  278 
In CCFT columns, the interactions include the composite action between the FRP tube and inner 279 
concrete, the constraint to the FRP tube by outer concrete, and the confinement to the outer concrete 280 
by the polymer grid. The interaction may have few stages. At the first stage, the transverse expansion 281 
of FRP tube is larger than that of concrete due to the Poisson’s ratio effect (The Poisson’s ratios are 282 
0.27 and 0.2 for FRP tube and concrete, respectively). Therefore, the interaction between FRP tube 283 
and inner concrete does not exist, while the interaction between FRP tube and outer concrete exists. 284 
At this stage, the constraint to FRP tube by the outer concrete is not significant since all constituent 285 
materials are within the elastic state. At the second stage (especially after the unconfined concrete 286 
strength is reached), the transverse expansion of concrete becomes larger than that of FRP tube, and 287 
the confinement provided by the FRP tube to inner concrete is activated. Nevertheless, the interaction 288 
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between FRP tube and outer concrete does not exist at this stage since the transverse expansion of 289 
outer concrete is more severe than that of FRP tube. The severe expansion of outer concrete is due to 290 
the insufficient confinement provided by the polymer grid. Therefore, the outer concrete cannot 291 
provide constraint to the FRP tube.  292 
It has been reported that the transverse expansion of confined concrete depends heavily on the amount 293 
of confinement [38-41]. The concrete may exhibit a significant transverse expansion if less amount of 294 
confinement was provided (i.e. volume expansion). Otherwise, the transverse expansion can be less if 295 
the concrete is sufficiently confined (i.e. volume contraction). Therefore, if the inner concrete within 296 
the FRP tube is insufficiently confined and the outer concrete is sufficiently confined, the transverse 297 
expansion of FRP tube may be larger than that of outer concrete component. Under such 298 
circumstances, the interaction between FRP tube and inner concrete as well as the interaction between 299 
FRP tube and outer concrete component may both exist. As a result, the outward expansion of FRP 300 
tube can be effectively constrained by the outer confined concrete, which may delay the rupture of the 301 
FRP tube.  302 
 303 
4. Analytical model 304 
In order to better understand the axial compressive behaviour of CCFT columns, an analytical model 305 
has been developed in this section. Firstly, the stress-strain behaviours of different components (FRP 306 
tube, inner concrete, outer confined concrete, and cover concrete) of CCFT column have been 307 
described. Afterwards, an equation has been proposed to predict the load carrying capacity of CCFT 308 
columns. Finally, the analytical results have been compared with experimental results to validate the 309 
accuracy of the analytical model.  310 
 311 
4.1. Stress-strain behaviour of FRP tube 312 
Due to the existence of axial stiffness, the mechanical behaviour of FRP tube is more complicated 313 
than that of FRP sheet for which the axial stiffness can be neglected [42]. According to the mechanics 314 
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of composite materials, the longitudinal compressive strength as well as transverse tensile strength of 315 
FRP tube can be determined as [43]:   316 
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where lσ and tσ are the longitudinal compressive stress and transverse tensile stress of the FRP tube, 317 
respectively; lε and tε are the corresponding strains; fE and lfE , are the longitudinal compressive 318 
and transverse tensile modulus of the FRP tubes; 1ν and 2ν are the longitudinal and transverse 319 
Poisson’s ratios, respectively.  320 
For CCFT columns tested in this study, the GFRP tube is expected to fail if the longitudinal 321 
compressive strain of GFRP tube exceeded the longitudinal rupture strain 
rupε  which was recorded 322 
by the strain gauges during the test. In Section 5.4, parametric analyses have been conducted to 323 
investigate the influences of filament winding angles on the axial compressive behaviour of CCFT 324 
columns. The failure modes of FRP tube can vary depending on the filament winding angles [5]. 325 
Therefore, it may be inappropriate to use the recorded longitudinal rupture strain 
rupε to determine the 326 
failure of FRP tubes with different filament winding angles. Various failure criteria were proposed to 327 
predict the failure of FRP tube [44-46]. Hinton et al. [47] reported that the Tsai-Wu failure criterion 328 
performed better than other failure criteria. Therefore, the Tsai-Wu failure criterion has been used to 329 
predict the failure of FRP tube with different filament winding angles in Section 5.4. The Tsai-Wu 330 
failure criterion can be expressed by Equation (4):  331 
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where
clf , and ctf , are the longitudinal and transverse compressive strength of the FRP tube, 332 
respectively; 
tlf , and ttf , are the longitudinal and transverse tensile strength, respectively; and τ is the 333 
shear strength of the FRP tube.  334 
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 335 
4.2. Stress-strain behaviour of inner concrete  336 
Many stress-strain models were proposed for FRP confined concrete [48]. During these models, the 337 
stress-strain model proposed by Lam and Teng [2] is used to model the inner concrete since this 338 
model has been proved to be one of the most accurate stress-strain models [48]. The stress-strain 339 
model proposed by Lam and Teng [2] is expressed by the following expressions (Equations (5-10)): 340 
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where cσ and cε are the axial stress and axial strain, respectively; cE is the elastic modulus of 341 
unconfined concrete; 2E is the slope of the linear second portion of the stress-strain curve; of is the 342 
intercept of the stress axis by the linear second portion; and cuε  is the ultimate axial strain of confined 343 
concrete. The parabolic first portion meets the linear second portion with a smooth transition at tε , 344 
which is given by  345 
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2
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f
c
o
t
−
=ε  (7) 
The slope of the linear second portion 2E is given by  346 
  
cu
occ ffE
ε
−
=
'
2      (8) 
where '
ccf is the compressive strength of confined concrete. The value of of is assumed to be the 347 
compressive strength of unconfined concrete '
cof . 348 
The equations to calculate the ultimate strain and compressive strength of FRP-confined concrete are 349 
given by: 350 
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where
aluf , is the actual lateral confining pressure; coε is the axial strain of unconfined concrete at 351 
ultimate strength; and 
ruph ,ε is the actual tensile rupture strain of FRP tube.  352 
 353 
4.3. Stress-strain behaviour of outer confined concrete and cover concrete 354 
The strength of outer confined concrete is increased due to the confinement provided by the polymer 355 
grid. Currently, limited amount of research was carried out on the development of stress-strain models 356 
for the polymer grid confined concrete [25, 49]. Wang et al. [25] proposed a stress-strain model to 357 
predict the peak strength and peak strain of polymer grid confined concrete columns under axial 358 
compression. The model provides more accurate predictions of peak strength and peak strain than 359 
other available models [25]. However, the proposed stress-strain model cannot capture the full stress-360 
strain behaviour of polymer grid confined concrete columns under axial compression. More recently, 361 
breakthrough have been made by Lim and Ozbakkaloglu [50, 51] on the full range stress-strain 362 
behaviour of actively and FRP confined concrete. New expressions were proposed for the stress-strain 363 
curve of actively confined concrete. By using the new expressions as base model, the stress-strain 364 
model of FRP confined concrete can be obtained, which is the so-called analysis-oriented model [50]. 365 
Wang et al. [25] tested 12 polymer grid confined concrete specimens under axial compression. It was 366 
observed that due to the insufficient amount of confinement, the stress-strain curve of polymer grid 367 
confined concrete experienced a significant drop after the peak stress, which was similar to that of 368 
lightly actively confined concrete [25]. On the other hand, the tensile strain at ultimate strength was 369 
about 13% for Type A polymer grid, while the tensile strain at ultimate strength was about 9% for 370 
Type B polymer grid. Also, the tensile elastic modulus was extremely low (6.5 GPa and 5 GPa for 371 
Type A and Type B polymer grid, respectively). Due to the differences in the properties of the 372 
polymer grid used in this study and the traditional materials (steel and FRP), the confinement 373 
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behaviour is believed to be different. However, no stress-strain models are available for concrete 374 
confined with such types of materials. Therefore, the stress-strain model in Mander et al. [52] has 375 
been used for a general prediction of the full stress-strain relationship of polymer grid confined 376 
concrete. The stress-strain relationship for polymer grid confined concrete can be expressed by:  377 
r
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xr
xrf
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+−
=
1
'
            (11) 
in which  378 
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where '
ccf is the peak compressive strength of polymer grid confined concrete; 
'
ccε is the peak axial 379 
compressive strain at the peak compressive strength of confined concrete '
ccf ; cE  is the elastic 380 
modulus of the unconfined concrete, which can be calculated according to ACI 318-11 [53]:   381 
'4730 ccc fE =  
(14) 
The peak strength and peak strain of polymer grid confined concrete can be calculated by [25]:  382 
1'
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in which 383 
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C
=λ            
(17) 
The confinement modulus 
jC can be defined as [25]: 384 
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Where n , 
gb , gs , gA and gd are the number of polymer grid layers, width, spacing between 385 
transverse polymer grid, cross sectional area of the polymer grid, and the diameter of the polymer grid, 386 
respectively. ek is the confinement effective coefficient which was firstly proposed by Sheikh and 387 
Uzumeri [54], which can be expressed as:  388 
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−=  (19) 
The stress-strain relationship of cover concrete is described using Mander’s model [52] as well, which 389 
has been described above.  390 
4.4. Load carrying capacity of CCFT columns 391 
The in-place concrete strength is generally lower than the compressive strength of concrete cylinders 392 
[1, 53]. This difference is mainly attributed to the size effect, shape, and concrete casting quality. A 393 
reduction factor of 0.85 is suggested for steel RC columns by ACI 318-11 [53]. A similar reduction 394 
factor is suggested for FRP wrapped concrete columns by ACI 440.2R-08 [1] and for FRP bars 395 
reinforced concrete columns by Afifi et al. [55, 56]. Therefore, a reduction factor of 0.85 is used to 396 
consider the strength reduction of in-place concrete in this study. The load carrying capacity of CCFT 397 
column can be calculated as the sum of axial loads carried by FRP tube, inner concrete, outer confined 398 
concrete, and concrete cover:  399 
0.85 0.85 0.85ic oc cover ic ic oc oc cover coverl ftube
P P P P P A A A Aσ σ σ σ= + + + = + + +  (20) 
where
tube
P , 
ic
P , 
oc
P and coverP  are the axial loads carried by FRP tube, inner concrete, outer confined 400 
concrete, and concrete cover, respectively. lσ , icσ  , ocσ and coverσ are the axial compressive strengths 401 
of FRP tube, inner concrete, outer confined concrete, and outer unconfined concrete, respectively. 
fA ,402 
icA , ocA and coverA  are their corresponding cross-section areas.  403 
                             404 
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4.5. Comparisons between experimental and analytical results 405 
The comparisons between experimental and analytical results are shown in Fig. 7. It can be seen that 406 
the analytical results matched well with the experimental results. The analytical model overestimates 407 
the first peak loads of CCFT columns, which was mainly attributed to the premature spalling of 408 
concrete cover before the unconfined concrete strength was reached. In general, the analytical model 409 
predicts the axial load-axial strain behaviour of CCFT columns with good accuracy due to the 410 
selection of appropriate stress-strain models for different components of CCFT columns.   411 
Fig. 8 shows the analytical axial load-axial strain curves of Column CCFT-1A(2). The axial load 412 
carried by each component is shown as well. At the first stage (before Point A), nearly linear elastic 413 
behaviour can be observed for all components. At the second stage (Point A to Point B), the concrete 414 
cover began to spall off, which resulted in the loss of axial load. The strength of outer confined 415 
concrete was decreased with the increase of axial strain, although the decrease was much less than 416 
that of concrete cover. In contrast, the strength of inner concrete was increased due to the confinement 417 
provided by the FRP tube, and the axial load carried by FRP tube also showed a linear increase with 418 
axial strain. The load reduction of outer concrete was higher than the load increase of inner concrete 419 
and FRP tube, which resulted in the overall decrease of axial load. At the third stage (Point B to Point 420 
C), with the increase of axial strain, the load increase of inner concrete and FRP tube became larger 421 
than the load reduction of outer concrete, which resulted in an overall increase of axial load until the 422 
rupture of GFRP tube (Point C). It is noted that the inner concrete-filled FRP tube carried a clear 423 
majority of the axial load of the column, and this proportion was even higher with the increase of 424 
axial strain. Considering a more ductile failure mode of CCFT columns, it is important that the outer 425 
concrete carry some axial load before failure. Under this condition, even though the inner concrete-426 
filled FRP tube lost all the strength after the sudden failure, the outer concrete component could still 427 
carry significant amount of axial load, which is essential to prevent the overall collapse of the 428 
columns [57]. To achieve this, the size of outer concrete can be increased and more confinement as 429 
well as additional longitudinal reinforcement can be applied for the outer concrete.  430 
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 431 
5. Parametric analyses  432 
Parametric analyses have been carried out to investigate the influences of different parameters on the 433 
axial compressive behaviour of CCFT columns. The influences of outer concrete strength, inner 434 
concrete strength, FRP tube thickness, filament winding angles of FRP tube, and amount of polymer 435 
grid have been analytically investigated. Equation (20) has been used to calculate the axial load 436 
capacity of the columns. It is noted that Column CCFT-1A has been used as a reference column. All 437 
the parameters in the following analysis have been kept the same as the parameters in Column CCFT-438 
1A, if not otherwise specified.  439 
 440 
5.1. Influence of inner concrete strength 441 
Four inner concrete strength grades have been considered (35 MPa, 45 MPa, 55 MPa, and 65 MPa). 442 
The outer concrete strength is 35 MPa, and the FRP tube thickness is 4 mm. All other parameters have 443 
been kept constant. Fig. 9 shows the axial load-axial strain behaviour of CCFT columns with different 444 
inner concrete strengths. It is evident that the increase in the inner concrete strength can lead to 445 
significant increases in both the first peak load and ultimate load. The ultimate axial strain is not 446 
significantly influenced by the inner concrete strength, as the failure of concrete columns is dominated 447 
by the rupture of GFRP tube.  448 
 449 
5.2. Influence of outer concrete strength 450 
The influence of outer concrete strength on the axial compressive behaviour of CCFT columns has 451 
been investigated using four different concrete strength grades (35 MPa, 45 MPa, 55 MPa, and 65 452 
MPa). The inner concrete strength is 35 MPa. The FRP tube thickness is 4 mm. All other parameters 453 
have been kept constant. The axial load-axial strain behaviours of CCFT columns with different outer 454 
concrete strength grades are shown in Fig. 10. It is evident that by increasing the strength of outer 455 
concrete, the first peak load can be significantly increased. However, the increase in the ultimate load 456 
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and ultimate axial strain is insignificant. This insignificant effect is mainly because that the outer 457 
concrete loses almost all the strength before the failure of concrete columns since the confinement 458 
provided by the polymer grid is very low.  459 
 460 
5.3. Influence of FRP tube thickness 461 
The influence of FRP tube thickness on the axial compressive behaviour of CCFT columns has been 462 
investigated by changing the thickness of FRP tubes (3 mm, 4 mm, 5 mm, and 6 mm), while all other 463 
parameters have been kept constant. The axial load-axial strain behaviour of CCFT columns with 464 
different FRP tube thickness is shown in Fig. 11. By increasing the thickness of FRP tube, the first 465 
peak load is increased slightly. However, the ultimate load is increased significantly. The increase of 466 
axial load is higher with the increase of axial strain especially after the first peak load. This can be 467 
explained that due to the linear properties of FRP tube, the axial load carried by the FRP tube 468 
increases linearly until failure. Therefore, the axial load difference for FRP tubes with different 469 
thicknesses becomes larger with the increase of axial strain.  470 
 471 
5.4. Influence of filament winding angle of FRP tube 472 
The influence of filament winding angles on the axial compressive behaviour of CCFT columns has 473 
been investigated by changing the filament winding angles of FRP tubes. Four different filament 474 
winding angles have been selected (±0°, ±30°, ±60°, and ±90°). It is noted that the angles are 475 
measured with respect to the longitudinal axis of the FRP tubes. The FRP tube thickness is considered 476 
4 mm. All the other parameters have been kept constant. To determine the mechanical properties of 477 
FRP tube with different filament winding angles, the software “The laminator” [58] has been used. 478 
The Laminator was developed based on the classical laminate theory and provides a reasonable 479 
agreement with the test results [59, 60]. The Tsai-Wu failure criterion has been used to predict the 480 
failure of FRP tube, as explained in Section 4.1.  481 
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The axial load-axial strain behaviour of CCFT columns with FRP tubes having different filament 482 
winding angles is shown in Fig. 12. CCFT column with FRP tube having all the fibres in the 483 
longitudinal direction (±0°) can achieve the highest first peak load and ultimate load, although the 484 
ultimate axial strain is the lowest. With the increase of fibres in the transverse direction (±30°), the 485 
first peak load is decreased, and the ultimate axial strain is increased. For CCFT columns with FRP 486 
tubes having majority of fibres in the longitudinal direction (±0°, ±30°), the transverse tensile strength 487 
is relatively low and a transverse tensile rupture occurs. Therefore, the longitudinal compressive 488 
strength of FRP tube cannot be not fully utilized. However, for FRP tubes with majority of fibres 489 
along the transverse direction, longitudinal compressive rupture occurs before the transverse tensile 490 
strength of FRP tube can be fully utilized (±60°, ±90°) since the longitudinal compressive strength of 491 
the FRP tube is relatively low. Therefore, an optimum proportion of fibres in both longitudinal and 492 
transverse direction of FRP tube will significantly improve the performance of CCFT columns under 493 
axial compression. It is also noted that the ultimate loads are higher for CCFT columns having FRP 494 
tube with majority of fibres aligned in the longitudinal direction (±0°, ±30°). This can be explained 495 
that for concrete confined by very thick FRP tubes, the contribution of axial load by the FPR tube is 496 
more significant than the gain from the confinement of concrete. Similar observation has also been 497 
reported by Wang et al. [61] and Fam et al. [62]. 498 
 499 
5.5. Influence of amount of polymer grid 500 
The influence of the amount of polymer grid has been investigated by changing the number of 501 
polymer grid layers (1 layer, 2 layers, 3 layers, and 4 layers). The strength of both inner and outer 502 
concrete is 35 MPa. The FRP tube thickness is 4 mm. All other parameters have been kept constant. It 503 
can be seen from Fig. 13 that by increasing the amount of polymer grid, the first peak load and 504 
ultimate load can be increased only slightly. This is due to the low confinement provided by the 505 
polymer grid. Even though the first peak load, ultimate axial load, and ultimate axial strain have not 506 
been increased, it is still necessary to apply more amount of polymer grid because the polymer grid 507 
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can be effective in preventing the overall collapse of the concrete columns when the tensile rupture 508 
strain of polymer grid is sufficiently high (e.g., Type A polymer grid) [57].  509 
 510 
6. Conclusions 511 
In this study, the axial compressive behaviour of newly proposed concrete-encased concrete-filled 512 
FRP tube (CCFT) stub columns has been experimentally investigated. An analytical model for the 513 
prediction of axial load-axial strain behaviour of CCFT columns has been developed and validated 514 
with experimental results. Moreover, parametric analyses have been carried out to investigate the 515 
influences of different parameters on the axial compressive behaviour CCFT columns. The following 516 
conclusions can be drawn:  517 
All CCFT columns in this study obtain considerable amount of strength and ductility under axial 518 
compression. The FRP tube provides confinement to the inner concrete and carries axial load. The 519 
polymer grid provides confinement to the outer concrete, and the load carrying capacity of CCFT 520 
column can be slightly increased by increasing the amount of polymer grid. After the spalling of the 521 
concrete cover, the CCFT columns could still carry substantial amount of axial load with a higher 522 
axial deformation, which is beneficial for the safe design of concrete columns.  523 
An analytical model is developed to predict the behaviour of CCFT columns under axial compression. 524 
The accuracy of the analytical model is validated by comparing the predicted results with the 525 
experimental results. The predicted results are found to be in good agreement with the experimental 526 
results.  527 
The parametric analyses show that by increasing the inner and outer concrete strength, the first peak 528 
load of CCFT column can be increased. The ultimate axial load can be significantly increased by 529 
increasing the inner concrete compressive strength. The FRP tube thickness and the filament winding 530 
angles significantly influence the ultimate load and ultimate axial strain of CCFT column. The 531 
polymer grid does not significantly influence the axial compressive behaviour of CCFT columns, 532 
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since the confinement provided by the polymer grid is weak due to the large grid openings and lower 533 
tensile properties (tensile strength and tensile elastic modulus).  534 
The conclusions in this paper are based on the experimental investigations of 16 concrete stub 535 
columns. Therefore, more experiments need to be conducted to fully validate the observed behaviour 536 
of CCFT columns. Moreover, the behaviour of CCFT columns under different loading conditions, 537 
such as flexural loading and combined axial and lateral loadings should be further investigated before 538 
they can be considered as a suitable option in practical applications.  539 
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 547 
Notation 548 
f
A  = cross-section area of FRP tube; 
g
A  = cross-section area of polymer grid; 
ic
A  = cross-section area of inner concrete; 
oc
A  = cross-section area of outer confined concrete; 
g
b  = width of polymer grid; 
j
C  = confinement modulus; 
g
d  = diameter of polymer grid; 
2
E  = 
slope of the linear second portion of the stress-strain curve of inner 
confined concrete; 
c
E  = elastic modulus of unconfined concrete; 
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f
E  = longitudinal compressive modulus of FRP tube; 
lf
E
,
 = transverse tensile modulus of FRP tube; 
'
co
f  = compressive strength of unconfined concrete; 
'
cc
f  = compressive strength of inner confined concrete; 
'
cp
f  = peak compressive strength of polymer grid confined concrete; 
cl
f
,
 = longitudinal compressive strength of FRP tube; 
tl
f
,
 = longitudinal tensile strength of FRP tube; 
alu
f
,
 = actual lateral confining pressure of inner concrete; 
ct
f
,
 = transverse compressive strength of FRP tube; 
tt
f
,
 = transverse tensile strength of FRP tube; 
n  = number of polymer grid layers; 
P  = load carrying capacity of CCFT column; 
er
P
cov
 = axial load carried by cover concrete; 
ic
P  = axial load carried by inner concrete; 
oc
P  = axial load carried by outer confined concrete; 
tube
P  = axial load carried by FRP tube; 
g
s  = spacing between transverse polymer grid; 
c
ε  = axial strain of inner confined concrete; 
co
ε  = axial strain of unconfined concrete at ultimate compressive strength; 
'
cp
ε  = axial strain at peak compressive strength 'cpf ; 
cu
ε  = ultimate axial strain of inner confined concrete; 
ruph ,
ε  = actual tensile rupture strain of FRP tube; 
fl ,
ε  = longitudinal compressive strain of FRP tube; 
rup
ε  = longitudinal rupture strain of FRP tube; 
t
ε  = axial strain at the transition point between parabolic first portion and linear 
second portion of inner confined concrete; 
ft ,
ε  = transverse tensile strain of FRP tube; 
1
ν  = longitudinal Poisson’s ratio of FRP tube; 
2
ν  = transverse Poisson’s ratio of FRP tube; 
c
σ  = axial compressive stress of inner confined concrete; 
ercov
σ
 
= axial compressive stress of cover concrete; 
ic
σ  = axial compressive stress of inner concrete; 
oc
σ  = axial compressive stress of outer confined concrete;  
τ  = shear strength of FRP tube;  
µ  = ductility of column; 
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y
δ  = axial deformation at yield load; and 
u
δ  = axial deformation at ultimate load.  
 549 
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Table 1. Test matrix.  710 
Specimen 
Inner concrete 
confinement 
Outer concrete confinement External confinement 
P -- -- -- 
FC-1 -- -- 1 layer of CFRP 
FC-2 -- --  2 layers of CFRP 
CCFT-0 GFRP tube -- -- 
CCFT-1A GFRP tube  1 layer of Type A polymer grid -- 
CCFT-2A GFRP tube    2 layers of Type A polymer grid -- 
CCFT-1B GFRP tube       1 layer of Type B polymer grid -- 
CCFT-2B GFRP tube    2 layers of Type B polymer grid -- 
 711 
 712 
 713 
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 714 
Table 2.  Mechanical properties of GFRP tubes. 715 
Ultimate Tensile Strength (MPa) Ultimate Compressive Strength (MPa) 
 
Shear Strength 
(MPa) 
 
Modulus of Elasticity  
(GPa) 
Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse 
650 41 550 104 84 35.4 12.9 
 716 
 717 
 718 
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Table 3. Mix design of concrete.  719 
Constituent Values 
Cement (kg/m
3
) 260 
Fly ash (kg/m
3
) 100 
Coarse aggregate (kg/m
3
) 950 
Coarse sand (kg/m
3
) 532 
Fine sand (kg/m
3
) 228 
Water (kg/m
3
) 187 
Pozz80 water reducer (mL/m
3
) 350 
MA940 air entrainer (mL/m
3
) 70 
 720 
 721 
 722 
 723 
 724 
 725 
  726 
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 727 
Table 4. Summary of test results.  728 
Specimen 
First peak 
load (kN) 
Axial 
deformation at 
first peak load
yδ  (mm) 
Ultimate 
load (kN) 
Axial deformation 
at ultimate load, 
uδ (mm) 
Axial strain 
at ultimate 
load (%) 
Hoop strain at the 
ultimate load (%) 
Ductility
µ  
P(1) 613 1.180 613 1.180 - - 1.000 
P(2) 614 1.178 614 1.178 - - 1.000 
FC-1(1) 616 1.185 874 5.871 - - 4.954 
FC-1(2) 596 1.105 829 5.844 - - 5.288 
FC-2(1) 688 1.421 1240 9.431 - - 6.637 
FC-2(2) 652 1.451 1198 9.006 - - 6.207 
CCFT-0(1) 583 1.410 1124 13.011 1.58 1.05 9.228 
CCFT-0(2) 590 1.170 1079 12.315 1.66 1.08 10.530 
CCFT-1A(1) 521 1.473 1159 13.412 1.61 0.86 9.105 
CCFT-1A(2) 515 1.299 1115 13.304 1.64 0.99 10.242 
CCFT-2A(1) 535 1.527 1166 12.927 1.68 0.82 8.467 
CCFT-2A(2) 478 1.544 1195 13.346 - - 8.644 
CCFT-1B(1) 492 1.381 1154 13.129 1.69 0.93 9.507 
CCFT-1B(2) 528 1.444 1134 12.599 1.55 1.00 8.725 
CCFT-2B(1) 555 1.400 1180 13.154 1.63 0.98 9.396 
CCFT-2B(2) 502 1.128 1187 12.822 - - 11.367 
Note: The number within the bracket specifies the two identical columns used in each group. 729 
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Fig. 1. Cross-section of circular concrete-encased concrete-filled FRP tube (CCFT) column  
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Fig. 2.  Formwork before casting 
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(a) Type A polymer grid (b) Type B polymer grid  
Fig. 3. Tensile stress-tensile strain behaviour of polymer grid  
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(a) FC-1(1) (b) CCFT-0(1) (c) CCFT-1A(1) 
 
   
(d) CCFT-2A(2) (e) CCFT-1B(1) (f) CCFT-2B (1) 
Fig. 4. Failure modes 
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Fig. 5. Axial load -axial deformation behaviour of Groups P(1), FC-1(1), FC-2(1), CCFT-0(1), CCFT-
1A(1), and CCFT-2A(1) columns  
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Fig. 6. Axial load -axial deformation behaviour of Groups P(1), FC-1(1), FC-2(1), CCFT-0(1), CCFT-
1B(1), and CCFT-2B(1) columns      
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(a) Columns CCFT-0  (b) Columns CCFT-1A  
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(c) Column CCFT-2A  (d) Columns CCFT-1B  
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(e) Column CCFT-2B  
Fig. 7. Comparisons between experimental results and model predictions (Note: the strain gauges 
failed during the test for Columns CCFT-2A(2) and CCFT-2B(2)) 
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Fig. 8. Load carried by each component of Column CCFT-1A (Note: Eq. (2) was used to calculate the 
axial stress of FRP tube; Eqs. (5), (6) were used to calculate the axial stress of inner concrete; and Eq. 
(11) was used to calculate the axial stress of outer confined concrete and concrete cover) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.000 0.005 0.010 0.015 0.020
0
200
400
600
800
1000
1200
 
 
A
x
ia
l 
lo
a
d
 (
k
N
)
Axial strain (mm/mm)
 1: Inner concrete
 2: FRP tube
 3: Inner CFFT 
 4: Outer confined concrete
 5:Concrete cover
 6: Total
A
B
C
1
2
3
4
5
6
46 
 
  
Fig. 9. Axial load-axial strain behaviour of columns for different inner concrete strength 
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Fig. 10. Axial load-axial strain behaviour of columns for different outer concrete strength 
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Fig. 11. Axial load-axial strain behaviour of columns for different FRP tube thicknesses 
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Fig. 12. Axial load-axial strain behaviour of columns for different filament winding angles of FRP 
tubes 
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Fig. 13. Axial load-axial strain behaviour of columns for different amount (number of layers) of 
polymer grid 
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